Tank rainwater, which is water collected from domestic roofs and stored on-site in above-ground or below-ground tanks, is a common source of water in Australia and elsewhere. [1] [2] [3] A study of 3014 households in South Australia found that the proportion of households using tank rainwater as their main source of drinking water was similar to the proportion using public mains supply water: 42 and 40%, respectively. 2 However, this tank may be contaminated by dirt, leaves, and the faeces of birds and animals that traverse domestic roofs or that roost in trees overhanging roofs. It is generally an untreated supply, apart from natural sedimentation. Hence, it is potentially a source of gastrointestinal disease in the community. Acknowledging the community preference for rainwater consumption and the need to conserve water, the South Australian Department of Human Services wished to promote the use of tank rainwater as a sustainable source of water for consumption, if it could be shown that it did not present a significant risk to health. Much of the data on health risk resulting from rainwater consumption arises from descriptive studies enumerating the levels of indicator organisms in tank rainwater. The levels of faecal indicator organisms typically found indicate that it is potentially a health hazard. 4, 5 Since 1978 there have been worldwide. [6] [7] [8] [9] [10] [11] [12] While these data suggest rainwater, like other water sources, may be a risk factor for specific disease outbreaks, information on the contribution of tank rainwater to sporadic cases of gastroenteritis is limited. Rainwater is more often a household supply of water, with small numbers of persons exposed to each tank, and hence it may be an important source of sporadic gastroenteritis. Identifying the exposure pathways and agents responsible for sporadic gastroenteritis is important as these comprise the majority of gastroenteritis cases. 13 In the US, for example, sporadic illness accounted for 88% of all Salmonellosis notifications.
13
Substantial resources are committed to supplying water and maintaining the infrastructure for rural water supplies in Australia. A number of these systems require upgrading at considerable cost to comply with Australian Drinking Water Guidelines.
14 Yet rainwater is the main source of drinking water for 82% of rural households in South Australia. 2 While some people choose not to use the public mains supply, others, including those in remote Aboriginal communities, do not have access to a public supply or have access to water of a poor aesthetic quality. These communities are dependent on rainwater, groundwater, and private surface water collections. Thus, it is appropriate to review the health risks of rainwater storage as an alternative water supply. Furthermore, access to reliable and affordable sources of water is still a fundamental health issue for many regions of the world. In Africa, Asia, Latin America, and the Caribbean, 21% of the population has no access to a water service. 15 In many of theses regions rainwater is potentially a relatively safe water supply. A number of authors have highlighted the need for better data enumerating the actual risk to health from drinking rainwater. 1, 16 This study aimed to provide data to assist in the health risk assessment of rainwater consumption. The specific objectives of this study were 2-fold. The first was to determine the incidence of gastroenteritis among 4-to 6-year-old children in rural South Australia and the Adelaide Hills, a semi-rural region on the outskirts of the City of Adelaide. The second was to determine whether the risk of gastroenteritis among 4-to 6-year old children who drank tank rainwater differed from that of children who drank treated public mains water in rural South Australia and the Adelaide Hills.
Methods

Study population
The sample was selected from 9543 children who had participated in an earlier statewide survey on gastroenteritis and water consumption. 17 To be eligible for the current study children had to: (i) reside in rural South Australia or the Adelaide Hills; and (ii) drink public mains water that was filtered and disinfected, as their main source of drinking water, or drink rainwater from an above-ground tank as their main source of drinking water; and (iii) not have an ongoing illness or treatment that led to gastrointestinal symptoms. Children of Aboriginal or Torres Strait Islander descent were excluded because of the difficulty in controlling for the broader range of poor environmental health conditions experienced by many of these children in remote communities. While these children are at greater risk of gastroenteritis, 18, 19 it would be difficult to distinguish the impact of drinking water from the overall impact of poorer living conditions. Of the 9543 respondents to the earlier survey, 3413 lived in rural South Australia or the Adelaide Hills, and among these, 1960 parents (57%) indicated their willingness to participate in a second study. However, 869 children of the 1960 parents were ineligible for one of the other reasons indicated above. Forty-nine children were no longer contactable, leaving 1042 children available for study.
Recruitment into the study occurred from January 1999 to March 1999.
Survey instruments
Participants completed four survey instruments: a baseline questionnaire; a daily diary (42 days); 3 and 6 week telephone questionnaires. Data on daily gastrointestinal and respiratory symptoms, water consumption, and risk factors that were likely to vary on a daily basis were collected via the daily diary. These risk factors included antibiotic use, hay fever, and consumption of soft drinks and cordial (a drink made up of flavoured concentrates containing 25% fruit juice or artificial flavours, 25% sweeteners, added colours and preservatives, and water). Respiratory symptoms were included to distinguish between gastrointestinal symptoms occurring as a result of respiratory illness rather than gastroenteritis.
The baseline questionnaire and telephone questionnaires at 3 and 6 weeks obtained data on factors that would not vary enough over the 6 week diary period to warrant daily data collection. These variables included rainwater tank construction and maintenance, number of children in household, pets, contact with farm animals, attendance at preschool or school, swimming, contact with a sick pet, and time spend away overnight from home by child. Data on any action taken as a result of the gastroenteritis and the parents' belief of the cause were also collected in the 3 and 6 week questionnaires.
Parents were also provided with an information booklet, which included clarification on the meaning of different symptoms, information on cup size, and other assistance for completing the diary. All survey instruments were piloted among parents with young children in Adelaide before the study commenced.
Definition of gastroenteritis
The definition of gastroenteritis was based upon highly credible gastrointestinal symptoms (HCGI). 20 HCGI was the presence of vomiting or liquid bowel movements, or nausea or soft bowel movement/s combined with abdominal cramps in a 24 h period, unless a chronic cause for these symptoms was known to exist. A new episode of gastroenteritis was defined when there were seven symptom-free days preceding the onset of gastrointestinal symptoms.
Statistical analysis
Incidence rates For the incidence rate, each episode of HCGI was considered a separate event and for a child who had multiple events, the time-at-risk for each episode was determined. Subsequent days of the episode and the 7 day symptom-free period were not included in the time-at-risk. For children who had no HCGI the time-at-risk was the period of follow-up for that child or the end of the study period, whichever came first.
Model selection
Logistic regression was used to model the dependence of the binary response, HCGI, on water consumption and the other potential risk factors and confounders. Because of the repeated measures, random effects models were used to allow for correlations between the responses from the same subject on different occasions. 21 These analyses were computed using STATA V8 software (Stata Corporation, College Station, TX).
Modelling strategy
The approach taken to modelling followed the four stages recommended by Kleinbaum and Klein. 22 (i) variable specification; (ii) interaction assessment; (iii) confounding assessment; and (iv) selection of the final model. Variable specification was determined by incorporating those variables that have been shown to be risk factors for gastroenteritis, including potential confounders. Potential confounders were included on both a statistical and biological basis. Those for which the simple regression relationship with gastroenteritis was significant at a P-value of ,0.25 were considered as potential confounders in the full model. 23 Other variables that were considered potential confounders on a biological basis were also considered in the full model. Evidence of confounding in the full model was then assessed by comparing the estimated odds ratio of subsets of the full model to that obtained from the full model. A meaningful difference in these odds was a change in the estimated effect on HCGI associated with tank rainwater of 5% or greater. This analysis was undertaken using the STATA program 'Assessing confounding effects in epidemiological studies (epiconf)'. 24 Factors that were significant risk factors for gastroenteritis, but did not confound the relationship, were retained in the model. Those interactions between tank rainwater and other risk factors that were considered biologically important were investigated.
Results
Response
Of the 1042 parents who were approached to participate, 1015 (97%) agreed, 982 parents (94%) completed at least one component of the study and 965 parents (93%) completed all components. The characteristics of children whose parents were willing to participate in the study compared with those children of parents who were not willing are shown in Table 1 . Willing participants were more likely to have a child who had had HCGI in the previous 2 weeks, to be of a higher socioeconomic status (SES), live out of town, and have two or more young children. Willingness to participate was not associated with water consumption.
Incidence rate-Rural SA Childhood Gastroenteritis Diary Study Over the 6 week diary period there were 524 episodes of HCGI among 965 children; 33% (n 5 317) had one episode, 9% (n 5 84) had two episodes, and 1% (n 5 13) had three episodes. Nineteen episodes occurred on the first day of the diary, leaving 505 episodes occurring over 34 646 days-at-risk. The incidence rate of all HCGI was 5.3 episodes per child-year [95% confidence interval (95% CI) 4.9-5.8 episodes per childyear].
Considering the 380 episodes that did not have associated respiratory symptoms, and excluding the 15 that occurred on the first day, the incidence of non-respiratory HCGI was 3.8 episodes per child-year (95% CI 3.5-4.3 episodes per child-year).
Water consumption
The type of water drunk by participants is shown in Table 2 . The mean daily consumption of all water, regardless of type, was 4.2 cups per day. Children who drank either rainwater alone or public mains alone on average drank a similar daily amount, 4.3 and 4.4 cups per day, respectively. Each cup was between 160 and 200 ml and hence on average children drank 672-840 ml each day.
On the basis that repeated exposures to infectious agents may have possibly inferred longer-term immunity to these agents, duration of exposure to tank rainwater was potentially important in determining the association between tank rainwater and gastroenteritis. For the 710 children who drank some tank rainwater, parents were asked the length of time their child had been drinking tank rainwater; 94% had been drinking tank rainwater for more than 2 years and 98% for more than 1 year.
Rainwater tank environment
The majority of rainwater tanks in this study were constructed of galvanized iron (59%) and 43% of tanks were at least 10 years old. Overall the maintenance of rainwater tanks in this study was rudimentary. Few tanks had first flush diversion devices (8%) but most had sealed roofs (82%). Just 40% had a screened inlet. For tanks that were more than 2 years old, the sludge had never been removed in 42% of tanks and 26% of respondents were unaware of whether the sludge had ever been removed. For roof catchments, 77% were reported to be free of overhanging trees and 65% of gutters had been cleaned in the last year.
Incidence rate of all HCGI by water group
The incidence of all HCGI by water source over the diary period is shown in Table 2 . The incidence of HCGI was significantly greater among children who drank public mains water only compared with those who drank tank rainwater only. The incidence among children who drank public mains and tank rainwater was intermediate. The incidence in public mains, rainwater, and spring water group was also significantly less than that for public mains.
Tank rainwater and gastroenteritis
The single variable analysis of the association between tank rainwater and gastroenteritis indicated that relative to public mains water consumption, there was a significantly decreased odds of gastroenteritis among children (Table 3) . Regardless of the amount of tank rainwater drunk there was a significant reduction in odds, but there was no apparent dose-response relationship (Table 3) . Length of time a child had been drinking tank rainwater was also significantly associated with HCGI (Table 3) .
Potential confounders
The variables that were considered in the full model were: antibiotic use; ear infection; sore throat; hay fever symptoms; contact inside or outside the home with someone who had vomiting or diarrhoea (two variables); month of diary; pet dog; attendance at school or kindergarten; number of children aged 15 years or less; frequency of takeaway consumption; frequency of eating at café and restaurant; storage of leftovers; wheeze in the past year; asthma medication during diary period; where a child swam; and rating of risk to health from drinking rainwater. None of these variables showed evidence of confounding with water consumption, apart from rating of risk to health from drinking rainwater, but several were important independent risk factors ( Table 4) . None of the interactions was statistically significant and were not included in the full model. The odds ratio for childhood gastroenteritis associated with tank rainwater consumption in the adjusted model was 0.84 but this was not significantly different from that for the reference category, treated public mains (95% CI 0.63-1.13).
Discussion
Association between tank rainwater and gastroenteritis
This study indicates that among children who were regular consumers of tank rainwater, the odds of HCGI associated with drinking this water was no greater than that associated with drinking treated public mains water. A potential protective effect was observed but this was not statistically significant. Furthermore, it was observed that the maintenance of rainwater tanks was not of a high standard among this study population.
Consistent with the current study, an earlier study of cryptosporidiosis notifications in South Australia, found a significantly reduced risk of cryptosporidiosis associated with tank rainwater, whereas public mains water and spring water were both associated with an increased risk of cryptosporidiosis. 25 On the other hand a New Zealand case-control study of sporadic campylobacteriosis 26 showed an increase in odds of illness associated with tank rainwater consumption. The small numbers exposed to tank rainwater and multiple comparisons in the study limited the inferences that could be drawn from it. One potential explanation for the lack of an observed increased in odds of gastroenteritis associated with tank rainwater is acquired immunity to a range of potential microbial contaminants. Payment and Hunter 27 have argued that the rates of waterborne illness within the community are lower than the expected rates given the levels of exposure to diarrhoeal pathogens. The difference between expected and observed disease was hypothesized as resulting, in part, from pre-existing immunity in the community that has developed from previous exposure to micro-organisms. Furthermore, studies have shown immunity to develop after exposure to a range of organisms; rotavirus, 28 adenoviruses and astroviruses, 29 and Cryptosporidium parvum.
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The children drinking tank rainwater in this study had been exposed to potentially low levels of contaminants. Nearly all children who drank tank rainwater had drunk this water for more than 1 year (98%) and during this time may have developed immunity to some organisms. The unadjusted analyses of tank rainwater only drinkers indicated that the odds of gastroenteritis were lower among children who were longer-term consumers of tank rainwater. Unfortunately the small numbers of children who were recent consumers of tank rainwater precluded further investigation.
The lack of a significant association and suggestion of a reduced odds associated with tank rainwater also raises questions about the appropriateness of the treated public mains as a reference group. Treated public mains water has been shown to be associated with an increased risk of gastroenteritis by some investigators 20, 32 but not by others. 33 It has been suggested that these differences in the results arose in part because of a difference in the quality of the source water. 33 In the current study the source water for the public mains group varied considerably and this raised the question as to whether the odds of gastroenteritis associated with public mains water was higher in certain areas within rural South Australia and the Adelaide Hills. However, when the study areas of the Adelaide Hills and rural South Australia were stratified into smaller regional areas, the incidence of gastroenteritis did not vary significantly across these sub-regions. Also no differences in incidence were observed when a stratified analysis of children drinking public mains only was undertaken (data not shown).
Hence it appears that the quality of the treated public mains water was reasonably uniform over the regions studied and, thus, provided a suitable reference.
Incidence of childhood gastroenteritis in rural South Australia
The incidence of gastroenteritis for children aged 4-6 years in rural South Australia ranged from 3.8 episodes per child-year for gastroenteritis with no associated respiratory symptoms, to 5.3 episodes per child-year for all gastroenteritis. These episodes were predominantly mild gastroenteritis lasting 1 day. In total 26% of gastroenteritis was associated with respiratory illness, which is consistent with earlier incidence studies. 34, 35 While the high incidence rate is in keeping with the observations in an earlier South Australian study, 3.7 episodes per child-year, 17 estimates of the incidence of childhood gastroenteritis from other studies in developed countries are generally lower. [36] [37] [38] de Wit et al. 37 reported a 5-fold lower incidence among children aged 1-4 years in The Netherlands, 0.9 episodes per person-year (95% CI 0.8-1.0). In contrast, a French study of 2033 children aged 7-11 years found an incidence of gastroenteritis of 5.7 episodes per person-year. 32 Variations in the definition of gastroenteritis make comparisons between studies problematic as do the variations in the prevalence of risk factors for gastroenteritis. The definition used in the current study was based upon that used by Payment et al. 20 de Wit et al. 37 in The Netherlands used a more stringent definition; gastroenteritis was defined as at least three loose stools per day or at least three vomits per day, or diarrhoea (two or more loose bowel actions) with two or more additional symptoms, or vomiting with two or more additional symptoms. The additional symptoms included fever, nausea, blood or mucus in stool, abdominal pain or cramps, or vomiting or diarrhoea. When the definition used by de Wit et al. (2001) was applied to the current study, a lower incidence of 1.3 episodes per person-year (95% CI 1.0-1.5) was obtained. Because data on blood or mucus in stools were not collected, the definition could not be strictly applied, yet this suggests that the differences in the estimated incidence were predominantly a result of differences in the definitions. We used a broad definition and hence more sensitive definition in this study because we wanted to capture mild as well as more severe gastroenteritis. This lack of specificity may have led to a larger proportion of non-infectious gastroenteritis being included in our estimate of incidence. Finding an appropriate balance between sensitivity and specificity is not clear-cut. When a more specific definition of gastroenteritis was applied in a study of Campylobacter and Salmonella infections, the incidence of gastroenteritis decreased 4-fold, but approximately half of the verified Campylobacter and Salmonella infections were also excluded from this estimate of incidence. 39 Self-reporting of symptoms and the shorter period of follow-up may also be potential reasons for the higher estimate of incidence in this study. A number of diary-based studies have observed that 'diary fatigue' appears to occur and reporting of gastrointestinal symptoms reduces steadily over time. 33, 37 Over a 68 week follow-up period, Hellard et al. A potential source of selection bias in the current study was that parents who participated on behalf of their child were a self-selected sample rather than a random sample. While this may have limited the external validity, it was considered that maximizing internal validity was more important. The study groups were selected to optimize the detection of an increase in risk. By limiting the study to parents willing to participate, the extent of loss to follow-up as well as missing data was reduced. While these parents were more likely to have a child who had had gastroenteritis during the initial SA Childhood Gastroenteritis Survey, the proportion of children who had gastroenteritis in the preliminary survey of the current diary study was very similar to that observed in the initial survey; both were~14%. 17 If the effect of this self-selection bias had been significant, then a higher proportion than that previously observed would have been expected. Nonetheless, it is acknowledged that the population represented by this study is one of larger and higher SES families. There are other limitations in the generalizability of the results of this study. The results can be generalized only to persons who are regular consumers of tank rainwater. There may be an increase in risk among persons who have recently commenced drinking tank rainwater, but this risk could not be assessed in this study. The results also cannot be applied to Aboriginal children, children aged ,4 years old, or to the elderly as these groups are at higher risk of gastroenteritis, generally, and may be more susceptible to contaminants in water due to reduced immunity. 40 Further work is needed in these susceptible populations. The implications of the findings beyond South Australia depend upon local conditions such as the maintenance and construction of rainwater tanks and catchments, as well as carriage of pathogens by local fauna. In the current study, the overall maintenance of tanks was poor to average while the maintenance of catchment areas was generally good. Most tanks had not been cleaned for some time whereas the majority of gutters had been cleaned within the last 6 months. Tanks were sealed but not necessarily screened and few had first flush diverters. This limited evidence suggests that tank maintenance was not a major factor in changing the risk experienced by children.
Conclusion
The incidence of gastroenteritis was high compared with that previously reported, but much of this was mild gastroenteritis lasting just 1 day. Consumption of tank rainwater did not increase the odds of gastroenteritis relative to public mains water consumption among 4-to 6-year-old children in South Australia. Possibly this reflected a level of acquired immunity among regular users of tank rainwater and may not reflect the risk in new users of this water supply.
Further studies are needed to clarify the role of immunity in the risk of tank rainwater consumption and whether new consumers are at a greater risk of gastroenteritis. These studies would be supported by studies that assess the carriage of human pathogens by local fauna, the potential of these pathogens to survive in the tank environment, and the relative contribution of re-suspension and incoming contamination on the levels of pathogens in tank rainwater.
